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NOMENCLATURE

misalignment of rotor about the x and y axes,
respectively. [radians]’

dimensionless damping coefficient matrix, where
Lj= XY, 2a,p.

nominal clearance. [L]

roughness of the housing and journal surfaces.

(L]
components of rotor eccentricity. [L]

unit vectors in the meridional and circumferential
directions

components of fluid film force. [F]
dimensionless fluid film force.
local film thickness. [L]

local film thickness for the concentric aligned
rotor (i.e.,e,=e=¢€, = A =B =0).[L]

dimensionless local film thickness.

dimensionless coefficient of pressure drop at
inlet to film.

Stiffness and damping coefficient matrices,
where i,j= X, Yy, Z, a, B.

dimensionless stiffness coefficient matrix.

the units of the variables are given in brackets, in any consistent set of units, using L, Fand T to mean length, force and
time. For example, [F-S/L“] means [Lbf-sec/in 1 in English units and [N-sec/m<] in Sl units.
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L meridional extent of seal surface (seal length for
a cylindrical seal and radial extent for a face

seal). [L]

M, M, components of fluid film force about x and y
axes. [F-1]

m = M/(PORS) dimensionless fluid film moment.

n unit vector normal to fluid film boundary.

P local pressure. [F/L?]

p = P/P, dimensionless local pressure.

P, P, Left and right boundary pressures for a
cylindrical seal (boundary pressures at inner
and outer radii for a face seal). [F/ L2]

Pos Ps Pocket and supply pressures. [F/L?]

P, Reference pressure, used for scaling the
pressure field (set internally by program to
maximum of P, P, or P)). [F/L?]

Q, volumetric flow from pocket. [L®/T]

q, = Q, (12u/P,C dimensionless flow from pocket.

R seal radius for a cylindrical seal, outer radius for
a face seal. [L]

Re” = ph*Vp/u? local Reynolds number based on pressure-
driven flow.

Reo* =p 03P° /(Ru 2) reference Reynolds number based on pressure-
driven flow.

t time. [T]

u=U (12uR/C2Po) dimensionless circumferential component of fluid
velocity.
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v =V (12uR/C?P,) dimensionless meridional® component of fluid
velocity.

uVv circumferential and meridional components of
fluid velocity, averaged across the fim. [L/T]

Up, U linear velocity of housing and journal surfaces
(equal to Rw,, Rw;, respectively). [L/T]

XY,Z cartesian coordinates. [L]

¢ dimensionless meridional coordinate (Z/R for a
cylindrical seal, r/R for a face seal).

a misalignment ratio about the x-axis (AL/2C for
a cylindrical seal, AR/C for a face seal).

B misalignment ratio about the y-axis (BL/2C for
a cylindrical seal, BR/C for a face seal).

€y €y €, components of rotor eccentricity ratio (¢ =e/C).

6 circumferential coordinate. [radians]

A, = 6uUR/ (CZPO) dimensionless housing surface velocity.

A; = BuUR/(C?P,) dimensionless rotor surface velocity.

A,= pCP®P,/(288 A ’C 2u?) dimensionless orifice restriction coefficient.

A, =K, (Reo*C/288 R) dimensionless coefficient of pressure drop at
inlet to film.

m fluid dynamic viscosity. [F-S/L?]

p fluid density. [F-T?L™¥

Wp, @ angular velocity of housing and journal surfaces.
[rad/T]

T =t (C°P,/12uR?) dimensionless time.

the meridional direction is the axial direction for a cylindrical seal and the radial direction for a face seal.
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1.0 INTRODUCTION

The computer code ICYL was developed[1] to evaluate the performance of
cylindrical seals operating with incompressible fluids. The computer code
IFACE was subsequently developed to also handle face seals. The pressures
generated in plain cylindrical seals with incompressible fluids typically result in
forces which are normal to the displacement and therefore tend to destabilize
the rotating shaft. Surface roughness, geometry alterations, and external
pressurization are ways in which the direct stiffness and damping coefficients
can be improved and the cross-coupled stiffness decreased in order to improve
stability.

The pressure and velocity distributions within the seal clearance are first
evaluated from the governing equations. From these, design quantities such as
seal leakage flows, power loss and resulting forces and moments are
calculated. Minimum film thicknesses and maximum pressures as well as
critical rotor-dynamics coefficients such as stiffness, damping and critical mass
are evaluated.

Program capabilities:
2-D incompressible isoviscous flow in cylindrical and face geometry.

Rotation of both rotor and housing.
Roughness of both rotor and housing.

A 0 Dnp =

Arbitrary film thickness distribution, including features such as steps,
pockets, tapers and preloaded arcs

5. Rotor position described by four degrees of freedom (translational and
rotational)
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6.  Up to 32 dynamic coefficients as well as the critical mass may be
calculated for use in rotor-dynamic design, including system response
and stability calculations.

7.  Steady external forces and/or moments may be prescribed to find the
position of the rotor relative to the housing.

Pocket pressures or orifice size are prescribed.

9. Laminar or turbulent flow.

10.  Cavitation.

11.  Inertia pressure drop at inlets to fluid film (from ends of seal and from
pressurized pockets).

Assumptions:

1. The film thickness is assumed to be small compared with seal lengths
and diameters but large compared with surface roughness.

2. Pockets supplied from an external pressure source through an orifice
restriction are assumed to be sufficiently deep that the pressure is
constant within them.

3. Wall roughness is assumed to be isotropic and represented by an
"equivalent sand roughness" height.

4. Fluid inertia effects in the film are negligible.

NASA/CR—2003-212365 2



2.0 THEORETICAL DESCRIPTION AND NUMERICAL METHODS

Figures 1 and 2 illustrate the geometry of a cylindrical seals as well as the
coordinate system used to describe it. Figure 1 shows the seal housing of
length L separated from the rotor by the film thickness C. The coordinate
system is placed at the mid-length of the seal with the circumferential coordinate
6 measured from the x-axis. Figure 2 shows an axial cross-section of the film
thickness with an eccentric rotor. Figure 3 similarly illustrates the geometry and
coordinate system used to describe a face seal, from side and end views. The
top part illustrates the seal ring rotating with a stationary mating ring, while the
bottom illustrates the reversed situation. Figure 4 illustrates the lateral and

angular displacements of the rotor as well as the direction of the fluid film forces
and moments.

For the cylindrical geometry, the film thickness and time rate-of-change thereof
are written:

H = H, - (e,+ZB)cos® - (e,- ZA)sin®

d
%=._ j+ .ngose_ E’_Zﬁ sing
ot ot ot ot ot

(1)

where H,, an arbitrary function of film coordinates, represents the film thickness
distribution for a rotor that is aligned and centered with the housing. A and B
represent the angles of rotor rotation about the x and y axes, respectively, while
e, and e, represent the components of rotor eccentricity at the seal mid-length.
The former are referred to as the angular displacements and the latter as the
lateral displacements.
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(CONCENTRIC ALIGNED POSITION)

901376

Figure 1  Cylindrical seal geometry
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(FILM THICKNESS EXAGGERATED)
A y

Rotor

Housing —/

901378

Figure 2  Axial cross-section of seal with eccentric rotor.
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Figure 3 Face seal geometry
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801377

Figure 4  Rotor with lateral and angular displacements.
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For the face geometry,
H=H, + e, - Brcos@ + Arsinf

2)
3 (
OH _ %9 _ 9B 5050+ 94 rsing

ot ot ot ot

where r is the local radius and e, represents an axial eccentricity of the rotor
away from the housing.

2.1 Governing equations

The equations governing the flow of incompressible fluids in thin films are
obtained [11,12,16] by integrating the Navier-Stokes momentum and continuity
equations across the film?®:

(f;Re,+ fyRey) y- -H2 9P , (Re/f;U;+ Re,fy Uy

2 pr a6 2
(3)
(f;Re;+f,Rey) Ve - H? 9P
2 pR ag
1 0 1 0 oH
—— (U —— (Vi — = 4
PET AU FTAMT @

where f, and f, are the friction factors relative to the housing and journal
surfaces, respectively, and are functions of the Reynolds numbers relative to
these surfaces as well as their roughness. They are given by:

the word film or the term film thickness will be used to mean the gap of lubricant separating the rotor and housing.
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Re,- Bui’ [(U-Up+V? (5)

where i=j,b, and:

/1'_21 , Re;<1000  (laminar)
f= 112 2 *ap2_ops (6)
i R—e(1—3z +2E% + f7(3E2-2¢%), 1000<Ae<3000
)
i, Re, > 3000  (turbulent)

_ Re,~1000
~ 2000
(7
10%, 10f 3
f' = 0.001375|1 !
/ "\TH "2Re,

The friction factor for turbulent flow through pipes, f,in equation (7) uses the
curve-fit obtained by Nelson [13] to Moody’s data. The transition from laminar
to turbulent flow is obtained using a cubic polynomial which matches values
and slopes at both ends, as reflected by equation (6). Figure 5 is a plot of the
friction factor versus Reynolds number and surface roughness, while Figure 6
is an enlargement showing the detail of the transition region.
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Selected friction factor (Moody)
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4 | Laminr
0 _\
5 i
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- E M 0005
] \\ ¢/H= 0.001
i 1 |
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0
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o o ot 0 b o o?
Reynolds number

Figure 5  Friction factor versus Reynolds number
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Fig.1 Transition friction factor

T  Turbulent/

Friction factor, f

Figure 6 Detail of friction factor in transition region
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Under laminar flow the friction factors are equal to 12/Re and the momentum
equations can be solved explicitly for the velocities in terms of the pressure
gradients:

U- J2H2 0P | po;+ @)

pR 30 2
(8)
_ _12H2 8P
pR a¢
There is no effect of roughness if the flow is laminar.
Lubrication Background:
In the classical theory of lubrication, when the housing is stationary and the
rotor wall velocity is U,=wr, the fluid velocity components are expressed
explicitly in terms of the pressure gradients:
. FGap, er . HGop ©)

12pr 36 2’ 12pR 3¢
where G, and G, are turbulence coefficients[2] which become unity in the
laminar regime. Substituting these velocity components into the continuity
equation, results in the classical Reynold’s equation:

1 9 (s OP 1 0(y3n 0P oH oH
1 9 (s H3 G628 - 6pelf + 12p 20 (10
( "ae)+ A2 aC\ ’ac) kogg + 1205y (10)
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Boundary conditions:

Boundary conditions on the film pressure distribution consist of prescribing
either the pressure at the boundaries of the film, the flow normal to these
boundaries, or a relation between these two quantities.

At the circumferential ends of the seal surface model, either the pressures are
prescribed:
P=0at6 =6,and P=0at 6 =0,
or periodic boundary conditions exists:
P(6=6)=P(6=6,) and U( 6 =6) =U(06 =06,
Periodic boundary conditions are used, for example, for a 360° seal, where
0,=0,+2r.

For a cylindrical seal the pressure/flow relationship is prescribed by:
P=P-K,%pV.? and P=P, -K, %pV,?
at the left and right ends of the seal surface model, respectively. When a
symmetry boundary is present at the seal mid-length, only the left half
(%L < z< 0) of the seal is modeled and the right end relationship is replaced by
a zero axial velocity, V(0,0)=0. For a face seal, the same relationships are used
at the inner and outer radii, although no symmetry boundary is possible.
P=P-K, 5pV.? and P=P, -K, 5pV,?
At pocket boundaries, the relationship of film pressure to flow is written:

NASA/CR—2003-212365 13



P=P,-K, xpV,”"
In all of the above relationships, Vs the flow velocity at the entrance to the film,
normal to the pressurized boundary and given by:

V-p, V-n>0
vV, =
0, V-A<0 (11)
V=Us,+ Vg

No pressure drop exists in the case of reverse flow (i.e., flow into the
pressurized boundary).

External pressurization:
The pressure drop across the orifice supplying the pocket is given by:

2
Ps - P, = sgn(Q)) —%(—Aoéd] (12)
o

where A, is the orifice area, C, is the discharge coefficient and the flow Q, is
obtained by satisfying continuity over the pocket volume:

Q, = §H V-h dS + [2 ga (13)
I 4ot

where A, is the pocket area, S, is its perimeter. The contribution of Ve to this
last equation may be positive or negative.

Dimensionless variables:

Using the following transformation to dimensionless variables,

NASA/CR—2003-212365 14



b= B (C*/12 uR%

f= F/(P,R?) = t (C?P,/12 uR?)

h= H/C A= 6 pU,R/(C?P,)

k= K (C/P_R? A= 6 uUR/(C?P,)

m= M/(PR% e=¢/C

p= P/P, a= A (R/C)

q,= Q (12u/P,CY) 8= B (R/C)

u= U (12 R/C?P,) Re = ph*vp/ u?

v=V (12 uR/C?P,) Re,'= pC°P,/(R 1)

{ = Z/R for cylindrical geometry A,= pC®P,/(288 A’C,Z 1?)
= r/R for face geometry = (Re,’/288) (C°R/A,’Cy)

A= K, (Re, C/288 R),

the dimensionless film thickness is now written for the cylindrical geometry:

h = h,~ (e,+2p)cos6 - (e,-Zax)sind

(14)
0 d
_a£= - _8)_(+Z§E coso - _iV-z_aﬁ sind
ot ot ot ot ort

and for the face geometry:

h=~h,+e,-pLcos6 + afsind
15
_a_Q aez ( )

- %€z _ 9B roosp+ 2% ¢ sing
ot ot ot ot

Equations (3), (4) and (5) become:
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(R foRe)

120238 + (Reyfisy+ Reyfyy)

2
(16)
2 3z
—(uh) + —-(Vh) + 90 _ g A7)
Jt
Reo 2 2 i 18
Re,;= J(u-2A2 + V3 i=jb (18)

Equations (6) and (7) remained unaltered, as they were already dimensionless.

The dimensionless form of the boundary conditions now become:
At the circumferential ends, either:
p(¢,6)=0 and p({,6,)=0
or:
P(¢,8)=p(¢,8,) and u({,0.)= u(¢,8,).

when periodic boundary conditions are present.

At the left end:
P(L/DO)= P, - AV,
and at the right end either:
p(L/D8)= P - Aevn2
or:
v(0,06)=0.
At pocket boundaries:  p(z8)= p, - AV,

where:

NASA/CR—2003-212365 16



vV, =

v-n, v-i>0
0, v-h<0 (19)

V=ué, +vé

Equations (12) and (13) governing the external pressurization become:

P, - P, = sgn(q,) A,q° (20)
q, = fh v-ads+ [P dgodz (21)
S, A ot
P P

2.2 Solution of film pressures

Discretization of the seal surface is done by using a rectangular grid, with M
lines in the meridional direction and N lines in the circumferential direction. The
grid lines are separated by variable increments. The pressure distribution is
represented by discrete values at the grid points located at the intersections of
the grid lines. There must be grid lines coincident with the boundaries of the
seal surface and with the pocket boundaries. Using the cell method [4], a
control area or cell is centered at each grid point and extending half way to the
neighboring grid lines, as shown by the shaded area in Figure 7. The grid
points are noted by the solid circles and have grid coordinates i,j. The film
thickness is evaluated at the corners of the cell (denoted by the shaded circles
marked h,, h,, h,, and h,) located at the geometric centers of the rectangles
formed by the grid lines. This staggered configuration allows a discontinuous
film thickness to be treated, as occurs, for example in a seal with a Rayleigh-
step. Circumferential and meridional components of velocity are also
associated with each of the four cell corners.
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0

Figure 7  Flow control area about grid point i,j.
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Using the divergence theorem, the continuity equation may be integrated over
the cell to give:

—f hv-h dS = f 9h 4a (22)
S,

ot
c Ac

where A, and S, are the cell area and perimeters, respectively. The left hand
side of the above equation is the sum of the flows out of the cell while the right
hand side is the rate of change of the cell volume. The finite-difference form of
this equation is:

AZ Az
A9 A

! _2_1(V1h1 ~Voltp) + ZH (Vahy -Vshs) - (23)
1 oh

- 1 U (s zenz ) 00480,) = 0

where F;; is the error in satisfying continuity of flow in the cell centered at i,].
Although the time rate of change of film thickness has been evaluated at the

center of the cell, it could have alternatively been evaluated at each of the four
cell corners.

When the grid point falls on a pressurized boundary, such as a pocket or seal
end, the film pressure error is:

5, (24)

where p, is the dimensionless boundary pressure’, v, is the mean velocity of
the flow that crosses the portion of the boundary perimeter that intersects the

P/Po P /P, of Pp/Po.
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cell, and x;; represents the sum of the appropriate terms in equation (23)
contributing to the cell flow. Figure 8 shows an example of the cell i,j located at
the right bottom corner of a pbcket. In this case, the mean velocity would be
evaluated as:

Az Az,

Vo = | S () ¢ Sty -thy) ¢ Ty -t - 22

21_1 (Valts) -

_ ah,J (Az,+Az,_1)Aej + Az,_1Aej_1
dJt 4

(A84+AZ)hy,
2

(25)

Equations (23) and (24) represent the finite-difference form of the continuity
equation that must be solved for the pressures. The eight components of
velocity used in these equations are functions of the nine pressures at or
neighboring grid point i,j, and are evaluated as described in section 2.3.
Following the procedure described in reference 2, these highly nonlinear
equations can be solved using the Newton-Raphson iteration method [15]. The
procedure is started with an initially guessed or previously calculated pressure
distribution, p;;. The error function F; is then linearized about this guess in
order to obtain a better approximation to the pressures p;;"™":

oF
Fpr ) 5,%("5'”"’”) =0 (26)

'l(:j'::,]lg
where a forward difference or a central difference may optionally be used to
numerically evaluate the partial derivatives. Pressures without the superscript
new relate to the previous or "old" approximation. If we introduce the column
vector {pi"e'”} as the M new pressures at the jth column of grid points, Equation
(26) may be written:
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Figure 8 Example of cell at corner



[C1{p ™} + [ER T} + [DIHRE") = (R} (27)

where [C!], [E] and [D'] are tri-diagonal matrices whose interior elements are:
aFi] el = aFIJ D! aF'l

Clll+k = s ik = ’ (T
apl+kJ aph»k,]—1 q)i+k.]+1

, k=-1,0,1; i=2,..,M-"

The interior elements of the column vector {Ri} are:

1

R - kz1 (Ci!hkphk,] * Eif|+kp|+k.]-1 * Difl+kpi+k,l+1) - Fy

The set of linear equations (27) that result for the next guess of pressure
distribution is in a form suitable for solution by the column method which is
described in detail in References 4 and 5. This method makes use of the
banded nature of the equations in order to minimize computer time.
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2.3 Solution of flow velocity

The momentum equations (16) are used in order to evaluate the velocity
components from the pressure gradients. These equations may be rewritten in
the generic form:

[ ap | _ ij9]+ beeb ap _
G”_a_e’u’ v. = ___é_u + 12h2‘_éa - (RefiA;+ Repfyhp) = 0, (28)
i 1 f
Gv—a—e,u,v = MV + 12n29P _ o,
| 02 ] 2 0z

where the Reynolds numbers used to evaluate the friction factors are based on
the magnitude of the local fluid velocity relative to each surface:

Re, h S
Rej= —o— (u=24)" + V4,
(29)
Re, h
Rey- —2" [(U-2A,7 + V2,

12

The dependence of the friction factors on velocity components orthogonal to
each momentum direction couples the two momentum equations. Figure 9 is a
schematic of the rectangular region between meridional grid lines i and i+1 and
circumferential grid lines j and j+1. In order to preserve continuity, it is

essential that the same equation be used to evaluate the velocity components
for adjacent cells. That is, the velocity u, out of the shaded cell centered at i,]
must have the same value as the velocity u, into the cell centered at i,j+1. (See
Fig. 7). This value is designated as u’ in the figure. Similarly, the velocity v, out
of the cell i,j must be the same as v, into the cell at i+1,j, and is designated as
v. This is achieved by using the average of the two corresponding orthogonal
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i+1, j+1

Figure 9 Schematic of rectangular region between grid lines.
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components. Thus, the component u” is determined by the u-momentum
equation:

Piya=Py - v +v'| _
G , U, =0 30
{ 2B, } (30)

while the component v’ is determined by the v-momentum equation:

GV{pwp"’. v v'] -0 31)
Az 2 ‘

Similarly, u* and v* are determined by:

.pl*1J+1 ~Pi1y u voev?]
3 3
Af, 2

G

u

L (32)
i ) B
G, Pirg1™Pya u +u vl =0

Az, 2

Equations (30), (31) and (32) are four coupled equations that determine the
velocity components from the four pressures at the corners of the rectangle
between grid lines and must be solved simultaneously. This is done using an
inner Newton-Raphson iteration loop. By performing the differentiation of the
error functions (G, G,, ...) with respect to the four unknown velocities,
analytically instead of numerically, significant computer time is saved. If the
velocities have not been previously calculated initial guesses may be obtained
from equations (8) assuming laminar flow. Once the iterations for the velocities
have converged, their values are saved to provide a good starting guess for the
next time they must be calculated.

One simplification is possible by assuming that the friction factors are constant
within the rectangular region and the Reynolds numbers are based on the
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averaged flow velocity components, % (u'+u*) and % (v+v*). Although this does
not uncouple the four equations, it requires less number of evaluations of the
square root in equation (18). Since this assumption saves some computer time
without introducing significant errors, it was chosen as the default program
option (IFRIC=3). However, occasionally when the grid is not very fine and the
pressure gradients vary rapidly, the iterations will diverge and the more rigorous
formulation, which uses distinct friction factors for each of the four momentum
equations, should be used with the IFRIC=4 option.

If the surfaces are smooth and the housing is stationary so that the continuity
equation takes the form of equation (10), the simpler formulation described in
detail in Reference 2 may be used by selecting the option IFRIC=0, resulting in
significant reduction in computer time.

2.4 Fluid film load, moment and torque

The forces and moments on the rotor generated by the fluid film pressure
distribution are obtained by integration of the pressure distribution over the
cylindrical seal surface:

x| cos6
F, L % sing
yr=[ [ Py (RdedZ (33)
M|  Los, -Z'sin6
M Zcosbo
7

The dimensionless form of this equation is written:

(£ )

ix £ o coso
y e sin®
T} = f f P . (dédz (34)
m, L 8, -zsin®
!nx D zcoso
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For the face geometry, the differential of forces and moments are given by

F, 1
diM,t = pi-rsin6} dA (35)
; rcoso

where the pressure p is a function of r and 6 and

dA = rdrdo (36)

The pressure in the rectangular region 6;<6 <6, ,, R;<r<R;,, can be expressed
most accurately as a bilinear function of the coordinates as:

P(r6) = & + ar+ 86 + a,ro (37)

where the coefficients are functions of the values of the pressure at the four
corners of the rectangle:

Py R = PragRY0p = (Pipet Bia = Praga RO,

" (R - R) (81 - 6))
a, = Py Ry = Praga By = PR + Py Ay

(Ri+1 - R/) (ej+1 - ej) (38)
g - (Pray = Py )ej+1 = (Praga ~ Pya )9

(Bra - R) (6841 - §;)

a, - Praga = Py ~ Prayg * Py
(Aus - A) (81 - 6)

The contribution to the fluid film forces and moments corresponding to the
rectangle is then obtained by integrating equation (37):

FZ e]q Ry a1l'+82f2+8310+a4f20

AMy = [ [ {-ar® - &r® - ar% - a,r°0)singy drap  (39)
M, o A |(gr®+ar®+ ar® + ar®0)cosd
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to obtain:

f [ S shs el
AM,t - |-959% -ShSE SRS -SRI\ | (40)

as
| SR S Sher Sh
8a
where
8 /.1
0 = f 8"cos® dd = [ cos"™® - 07%in0 | ,
o §
Oje1 0.1
Q" = f 87sind@ d® = [ sin"®@ - 6"coso ]e,
]
! (a1)
671 n+1 n+1
6, -0
= n - M fi
% { 0" b = L,
/]
Ti1 n+1 n+i
R,y - R
n _ n _ N - i1 i .
Sg = fr dr=r"dr —a
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For the cylindrical geometry,

ix -c0s0
vl _ -sind 42
d 1= PY zsino R DZ (42)
M, -Zcos

The pressure in the rectangle (8,<6<6,,,,z,<z<z_,,) can be expressed as a
linear function of the coordinates:

Pz6) = & + a2z + 806 + 48,20 (43)

where the coefficients are functions of the values of the pressure at the four
corners of the rectangle:

(PiyZi1 = PrayZ)®p1 = (Pt Zit = Prage Z)9;

31 =
(Z1 = 2) (O - 6)
a, - Piji1 21~ Praga Zi ~ PiyZi * P4
@1 -2) @ - 9) ”
8, = (Pray = Py Bp1 = (Prag ~ Py )
(zl'-c-‘l - zl) (ej+1 - e])
a - Piaga = Py ~ Py * Py

(Zn1 - 2) (Bp1 - )

Substituting equations (43) & (44) allows integration of (42) over the rectangle:
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Fx N -(a, + &Z + 80 + a,z0)cosd
/3
-(a + &z + 806 + a,z0)sind 45
A i —Rf { (512+azzz+aaze+a4z26)sm6 dzp (49)
" |az+ & 2% + 8,20 + a,2°6)c0sd

Defining:
21 n+ n+
g’z’sfz"dz__z’j__f’_ (46)
Z n+1
yields:
o [ s e st for
X
R[S sl s nes) (a7
Zx g o2 i £l fa
SR - A - I A M B A

The differential of torque transmitted from the housing to the rotor is given by
the cross product of the position vector T and the shear traction vector acting

on the housing 1:
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T-Té - [[rxTdA
A

_ nffé, x (t+&,) dA (48)
Ay

72h

For laminar regime, fRe, = f,Re, = 12, and the equation simplifies to:

ff{ h - ey oz (49)

The power loss due to the difference in velocities across the two surfaces is
obtained by doting this torque with the relative velocity:

P=Tae, - o)

50
- o ff{hap s 2A])72;}Rb(u 220)) (ay-np) 00z o
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2.5 Stiffness and damping coefficients
Defining W to be a generalized vector of forces and moments generated by the
fluid film pressure and T to be a generalized vector of lateral and angular

displacements:
)
e LB
w—_- > r= 8y i': _.a—- y (51)
g 9t |,
p

the matrices of stiffness and damping coefficients can be written:

0 W, ow,
kﬂ = b” = T .’ (52)
arj ar;
where the subscripts i and j range over x, y, a and 8. These coefficients are
evaluated by numerical differentiation of W, using a forward difference. For

example:

Fy( € a+d, b) y(e € @, B) (53)

y“ )

2.6 Solution of rotor position and pocket pressures

If the rotor position is specified, equation (51) is used to solvé for the fluid film
forces and moments in terms of the calculated pressure field. Similarly, if the
pocket pressures are specified, equation (12) is used to solve for the orifice size
in terms of the supply pressure and calculated pocket flow.

On the other hand, if externally applied loads and moments on the rotor (f,;, f..,

m,, and m_) are specified they must be balanced by the fluid film forces to

maintain static equilibrium. Similarly, once the orifice size is specified, equation
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(12) must be satisfied by the pressure in each pocket. The global set of

equations that must be satisfied by the rotor displacements and pocket
pressures are:

N = -fxg

0 = -t
mJ(n = ~Myy (54)
mfn = -my

Ps = Pp1 = SNG(qr) Ay(qr)s for pocket 1,

Ps - Ppo = sng(q,) A(q,)% for pocket 2, etc.

The vector T can now be redefined to include the pocket pressures and a

generalized vector of errors in forces, moments and pocket pressures W, can

be defined:
ey fe+ I W
y f+
o my + My
r= B \ we = my + myy y (55)
p1 Ps pp1 - sgn(qﬂ) Alz(qn)a
b2 krs - P - S9MG) A4,

Solution of the global equations is performed by Newton-Raphson iterations, as
follows:

W,+[ w’](r"‘"—r)=0 (56)
or ,

where, as before, the superscript new indicates the newer values of the vector
T.
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3.0 PROGRAM USAGE AND INPUT DESCRIPTION

3.1 Program Usage

Using an editor, the user prepares an input file such as fname.inp, as described
in section 3.2. The extension must be "INP* although the filename is arbitrary.
This input file must be copied to IFACE.INP fname, without extension. Must
appear as the first line in the input file.

Execution is started by entering the command:

IFACE

The program will write iteration diagnostics to the screen to show the progress
of the calculations. Screen output need not be saved, since iteration
diagnostics are also written to file fname.itr described below.

Once execution is finished, the user may review the results by editing, browsing

or printing the output file, called fname.out. Other files created by the execution
are:

fname.itr A copy of screen output, including iteration history.

fname.hpf  Pressure, fim thickness and velocity distributions for subsequent
plotting by program PLOT3D as described in section 4.2.

fname.888  Binary file storing the pressure and velocity distributions. This file

may be used to restart calculations by a subsequent run. See
description of variables READP and IREADP.
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3.2 Input description

All the input is in NAMELIST format. The input for each case to be run starts
with "&INPUTS" and ends with an ampersand, "&". In between, the variables
and arrays are assigned their values. Variable assignments are delimited by
blanks or commas. The namelist field must be kept within columns 2 and 80 of
the file. Text outside of the namelist fields is ignored.

Additional cases may be specified following each other as desired. The
program will read a namelist &INPUTS for each case to be run. The program
will continue to loop, reading the namelist for a case and executing it, until it
reaches the end of file or until a namelist with ISTOP = 1 is read. The case
with ISTOP = 1 will not be executed. Any variables not specified within a
namelist will retain the values specified or calculated® in the previous case.
Variables not specified on the first case will have the default value.

In order to input arrays, either the specific indices of the elements are specified
or the elements are entered in order. For example, the following three
specifications are equivalent:

M1(1)=3, M1(2)=6, M1(3)=3, M1(4) =6,

M1= 3, M1(2)=6, 3, 6,

M1= 3, 6, 3, 6,

positon variables EX, EY, ALFA, BETA and/or pocket pressures PPOCK are calculated by the program when FXG, FYG,
MXG, MYG and/or DORIF are specified.
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For arrays with two indices, the first index can be assumed to increase by one
when more than one element is specified. The second index should always be
specified. For example, the following two specifications are equivalent:

DELTA(1,3)= 0.001, DELTA(2,3)= 0.002, DELTA(3,3)= 0.003,

DELTA(1,3)= 0.001, 0.002, 0.003,

Table 1 Units for variables
—
Symbol English units Sl units “
L length inches m “
F force Lb, N “
T time sec sec “

—

The units of the input variables are indicated in brackets after their description,
e.g., [F/L2], in terms of force units [F], length units [L], and time units [T].
Table 1 gives the values of these units depending on the system of units being
used. This is followed by any limits and default values.

NASA/CR—2003-212365 36



INPUT
VARIABLES
FNAME

TITLE

UNITS =’ENGLISH’

="SI

IFACE=0

CREF

marked with a “*",

NASA/CR—2003-212365

Description

Name of output and other files produced, without extension.
Must be first line of input file.

Character string, consisting of any string of up to 80
characters within quotes. (Default="Program IFACE’)

For example: TITLE='Test of program IFACE’
Labeling in output file will use English units (Default)
Labeling in output file will use Sl units
Note that the program calculations are not affected by this
input, since a consistent set of units is used.

GEOMETRY DESCRIPTION:

Cylindrical seal geometry (Default)
Face seal geometry.

Reference clearance (i.e., at concentric aligned position) [L]
(0 < CREF) (Default* = 0)°. Operating clearance for face
seals.

Variables which default to zero but must have a non-zero value are required input for the 1st case to be run and are
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RADIUS

LENGTH

ROUGHJ

ROUGHB

ISYM=0

IPER=0

TS,TE

NPADS

NASA/CR—2003-212365

Outer radius of seal surface [L] (0 < RADIUS) (Default” = 0)

Meridional extent of seal surface. This is the cylindrical seal
length or the outer minus inner radius for a face seal. [L]
(0 < LENGTH) (Default” = 0)

Roughness of rotor surface [L] (0 >ROUGHJ) (Default = 0)
Roughness of housing surface [L] (0> ROUGHB) (Default = 0)

For modeling the full seal. Boundary atz = L/2 (i = M) has
a specified pressure. (Default)

For modeling half of the seal. Boundary atz = L/2 (i = M)
is a seal line of symmetry. Only applicable to cylindrical seals
(IFACE=0).

For specified pressure boundary conditions at the
circumferential start and end of the model.

For modeling periodic boundary conditions at the
circumferential start and end of the model. See also
discussion under description of variable PCAV. (Default)

Circumferential start and end of the model (Degrees).
(Defaults: TS = 0, TE = 360). (TS < TE)

If at the concentric aligned position, the seal geometry

consists of one "pad" repeated a number of times around the
circumference, the user need only to specify the geometry for
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RHO

XMU

RPMJ

RPMB

PCAV

NASA/CR—2003-212365

the first pad and set NPADS>1. The program will generate
the inputs for subsequent pads assuming that the next one
begins at the same circumferential position where the last one
ended. If this option (NPADS>1) is used, all other program
inputs (N,TS,TE,NPOCK,DELTA,etc.) should refer only to the
first pad. (Default: NPADS = 0).

FLUID DESCRIPTION:
Lubricant mass density [F-T?/L*] (0 < RHO) (Default’ = 0)

Lubricant-viscosity [F-T/L?] (0 < XMU) (Default” = 0)

OPERATING & BOUNDARY CONDITIONS:

Speed of rotor surface [RPM] (0 < RPMJ) (Default = 0)
Speed of housing surface [RPM] (0 < RPMB) (Default = 0)

Lubricant cavitation vapor pressure. With non-periodic
bondary conditions trailing-end film cavitation will be
calculated (P=PCAV with zero slope). When a periodic
boundary condition is used, PCAV should be set equal to a
large negative number, such that all of the resulting film
pressures are larger than PCAV since film reformation
problem is not performed. When IPER=1, the program wiill
first calculate the pressure distribution and then set any
pressure less than PCAV equal to it. [F/ L?] (Default = 0)
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PL1,PR1

PL2,PR2

Boundary pressures at the inner and outer radii (left and right
ends for the cylindrical geometry), respectively, at the start of
the model @ = TS). [F/L?] (Default = 0)

Boundary pressures at the inner and outer radii (left and right
ends for the cylindrical geometry), respectively, at the end of
the model (6 = TE). These values are only used when
IPER=0. [F/La] (Default = 0). At grid points in between these

pressures, a linear interpolation is performed.

EX,EY,ALFA,BETA Dimensionless lateral and angular displacements of rotor with

NASA/CR—2003-212365

respect to the housing. EX, EY are components of
eccentricity ratio and are therefore dimensionless. The
eccentricity ratio is the eccentricity of the rotor relative to the
housing at Z = 0 divided by the reference clearance, CREF.
ALFA, BETA are the components of the rotation of the rotor
relative to the housing, scaled by (2*LENGTH/CREF), so that
rotor to housing contact occurs when ALFAZ+BETA? is unity.

All four quantities default to O and are restricted to:
EX? + EY? + ALFA? + BETA® < 1

It is recommended that non-zero values of radial and/or
angular displacements be specified as initial guesses when
the external forces and/or moments are specified.

ALFA and BETA must be zero if ISYM=1, since that is the

only way that the pressure distribution will be symmetric about
the Z=0 plane.

40



FXG,FYG,

MXG,MYG External forces and moments applied to the rotor. (All four
quantities default to -999. indicating that their value was not
specified). If not specified the program will assume that the
analysis is to be performed at the rotor position specified by
EX,EY,ALFA,BETA. If specified, the program will perform
iterations to find the rotor position. As explained in more
detail below, the user may specify the radial position
independently of the angular position.

If FXG,FYG are specified, the program will calculate the radial rotor position, using
the input values of EX,EY as initial guesses while retaining the specified angular
rotor position. Specification of FXG alone assumes that FYG is zero and vice
versa.

Similarly, if MXG,MYG are specified, the program will calculate the angular position
using the input values of ALFA and BETA as initial guesses while retaining the
specified radial rotor position. Specification of MXG alone assumes that MYG is
zero and vice versa.

If all four variables (FXG, FYG, MXG, and MYG) are specified, the program will
calculate the rotor position using the input values of EX, EY, ALFA and BETA as
initial guesses.

For a face seal, EX refers to the axial eccentricity ratio and FXG refers to the
externally applied axial force, while EY and MYG are ignored. Since a positive
axial eccentricity increases the film thickness, the film thickness of an aligned rotor
face seal will be CREF (1+ EX).
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Since the moments resulting from a pressure distribution that is symmetric about
the Z=0 plane are zero, MXG and MYG must not be specified if ISYM=1.

EXD,EYD,

ALFAD,BETAD

NPOCK

M1(Kk),M2(K)

N1(k),N2(k)

PPOCK(K)

PSUP

NASA/CR—2003-212365

Radial and angular velocities of rotor with respect to housing.
The program calculates the damping coefficients internally by
incrementing these velocities by TOL(1) and dividing the
resulting perturbations in the forces and moments by this
increment. These quantities are rarely used for steady state
calculations, and should be left equal to zero. They are
described in the input for calculating performance at
prescribed finite rotor velocities. [T '] (Default = 0)

POCKET PARAMETERS:

Number of pockets (Default = 0) (0< NPOCK< 20 and
1 < k< NPOCK)

Meridional integer coordinates at the start and end of pockets.
(Default = 0) (1 < M1(k) < M2(k) < M)

Circumferential integer coordinates at the start and end of
pockets. (Default = 0) (1 < N1(k) < N2(k) < N)

Pocket pressure. [F/L?] (Default = 0)
Supply pressure [F/L? In case both rotor and housing
speeds are zero, a positive value should be prescribed for

PSUP even if no pockets are specified, since the program will
use this value for the internal pressure scale. (Default* = 0)
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DORIF

CD

DZT (i)

DTH(j)

NASA/CR—2003-212365

Orifice diameter. Set equal to zero to calculate its value
based on specified pocket pressure. If DORIF is non-zero,
the array of pocket pressures PPOCK(k) should be specified
but will only be used as an initial estimate of the k-th pocket
pressures) [L] (Default = 0) (0 < DORIF)

Coefficient of discharge for flow through orifice (Default = 0.6)
(0 < CD)

VARIABLE GRID SPECIFICATIONS

Grid mesh size in the meridional and circumferential
directions. (Defaults: M =5 N =11) (2< M< 91,
2< N< 201)

Array of meridional coordinate increments (M-1 values). If
DZT(1) is not specified or zero, the program will use an equal
spacing meridionally. (Default = 0) (1< i< N-1)

Array of circumferential coordinate increments (N-1 values).
If DTH(1) is not specified or zero, the program will use an
equal spacing circumferentially. (Default = 0) (1< j< M-1)

Only the ratios between the coordinate increments is used,
since the dimensions of the seal are specified separately by
the variables RADIUS, LENGTH, TS and TE. For this reason,

the units used for the increments are irrelevant.
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DELTA(2,K)

Additional depth DELTA(3,k)
(axial taper) Additional depth
(circumferential

Film Thickness

DELTA(1,k) ) Moving surface
Region Pocket Depth

Figure 10 Arbitrary film thickness specification
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ARBITRARY FILM & PRESSURE SPECIFICATIONS

A number of rectangular regions may be specified in which additional clearance

or a fixed pressure is specified. Figure 10 illustrates the variables describing the
k-th region (1 < k< 40).

HF(K),I2F (k)

J1F(K),J2F (k)

DELTA(1,k)

DELTA(2,k)

DELTA(3,K)

DELTA(4,k)

DELTA(5,k)

NASA/CR—2003-212365

Meridional integer coordinates at the start and end of the k-th
region (Default = 0)

Circumferential integer coordinates at the start and end of the
k-th region (Default = 0)

Region depth for: [11F(k) < i < I12F(k), J1F(k) < j < j2F(k)
(Default = 0)

Additional depth ati = I2F(k). (Use this for meridional taper).
(Default = 0)

Additional depth* at j = J2F(k). (Use this for circumferential
taper) (Default = 0)

Region preload ratio. This ratio is defined as the maximum
decrease in film thickness divided by the reference clearance
(CREF). Normally a preloaded region will extend across the
seal length with: I11TF=1,I12F=M. (Default = 0)

Specified constant pressure within the region. (Do not use
this for an externally pressurized pocket: instead use PPOCK
with DORIF = 0). A value of -999. means that the pressure
is not specified in the k-th region. (Default = -999.) [F/L?]
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OFFSET

Positive values of DELTA(1,k), DELTA(2,k) and DELTA(3,k)
indicate increased film thickness beyond CREF, while a
positive value of DELTA(4,k) indicates a decrease in fim
thickness.

If 12F(k) = I1F(k), the region is a circumferential line; if
J2F(k) = J1F(k), the region is a meridional line, and If both
are true the specification is valid only at a grid point. If
I2F(k) = 0 it is assumed equal to I1F(k). If J2F(k) = O it is
assumed equal to J1F(k).

Circumferential offset of location of maximum decrease in film
thickness of preloaded regions (Degrees). By default,
preloaded regions specified by DELTA(4,k) above have the
maximum decrease in film thickness at the middle of the
region, between meridional grid lines J1F(k) and J2F(k). This
variable allows the user to shift this location. (Default = 0)

PROGRAM CONTROLS

There are three nested iteration loops:

NASA/CR—2003-212365

The inner-most iteration loop is for velocity components within

each of the four corners of a cell.

The middle iteration loop is for the pressure distribution.

The outer iteration loop is to calculate rotor position and
pocket pressures.
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There are three controls for each of the iteration loops (k = 1,2,3):

ECR(K)

NIT(K)

TOL(K)

MAXDIT

NASA/CR—2003-212365

Error criteria that must be achieved before iteration stops.
(Defaults = 107, 10® and 10%)

Maximum number of iterations (Defaults = 21, 21, 10)

Tolerance used to evaluate partial derivative of error with
respect to the unknown variables. TOL(1) is not used since
the differentiations are performed analytically for the inner-
most iteration loop. (Defaults = 0, -10° and 10

If | P,;| >1.e-6, | TOL(2)*P;;| is used, else | TOL(2)| is used.
Use a positive value for a forward difference or a negative

value for a central difference.

Maximum number of consecutive diverging iterations allowed
before the program stops (Defaults to 2).
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IFRICT= 3

H
o

]
=

XKE

ISTIFF = 0

]
N

New analysis (Rough, based on Moody formula) (Default)

Previous analysis (Smooth,based on Ng-Elrod Linearized
Turbulence). This friction model has been used successfully
for a number of years at MTI. Although it may not account for
surface roughness effects, it is accurate and will reduce
computation time significantly. Do not use this with inertia
pressure drop from pressurized seal ends (i.e., XKE>0 and
non-zero PL1 or PR1).

Refined new analysis (Under this option, the program will
average the orthogonal components of velocity).

Film entrance loss coefficient (dimensionless). This coefficient
expresses the pressure loss as a fraction of the dynamic
pressure based on the film velocity. (Default = 1.0)

to bypass stiffness calculations (Default)

to calculate all’ stiffness and damping coefficients

to calculate all stiffness coefficients

to calculate lateral stiffness coefficients

to calculate lateral stiffness and damping coefficients

NASA/CR—2003-212365
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Only the lateral coefficients can be calculated with a
symmetric model (ISYM=1).

IREADP A positive value will cause the program to read the pressures
and velocity fields from a binary file generated by a previous
run. (Default = 0)

READP Character variable defining the name of the binary file to be
read. (Defaults to fname.888, where fname is the filename of
the input file)

ISAVEP If this variable is non zero, the program will save the pressure
and velocity fields in a file fname.888, where fname is the
flename of the input file. A negative value causes file to be
rewound before saving. (Default = 8)

ISTOP = 0 To run current case. (Default)

=1 to indicate that the previous input case was the last to be run.
This is accomplished by the following line:

&INPUTS ISTOP=1&
Although the program will also stop when reaching the end of

the file, the above line allows the user to store other namelist
cases following it without the program attempting to run them.
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Table 2

Variables that may be varied as parameters.

1 CREF = .0000000 2 0 = .6000000 3 DORIF =  .0000000

4 RADIUS=  .0000000 57Ts = .0000000 6 TE = 360.0000

7 LENGTH=  .0000000 8 RHO = .0000000 9 XMU = .0000000

10 OFFSET=  .0000000 11 RPMJ = .0000000 12 RPMB = .0000000

13 ROUGHJ=  .0000000 14 ROUGHB=  .0000000 15 ...... = .0000000

16 ...... = .0000000 17 EX = .0000000 18 EY = .0000000

19 ALFA = .0000000 20 BETA = .0000000 21 EXD = .0000000
22 EYD = .0000000 23 ALFAD =  .0000000 24 BETAD =  .0000000
25 FXG = -999.0000 26 FYG = -999.0000 27 MXG = -999.0000
28 MYG = -999.0000 29 ECR(1)= 1.0000000E-10 30 ECR(2)= 1.0000000E-08
31 ECR(3)= 1.0000000E-06 32 TOL(1)= .0000000 33 TOL(2)= -1.0000000E-06
34 TOL(3)= 1.0000000E-04 35 PR1 = .0000000 36 PL1 = .0000000
37 PR2 = .0000000 38 PL2 = .0000000 39 PCAV = .0000000
40 psup =  .0000000 41 XKE = 1.000000

PARAMETRIC EVALUATION:

The five variables below allow the user to run a number of cases, by varying one
of the variables in Table 2. This table also gives the default values of these

parameters.

IPAR

PAR1

PAR2

PARINC

NASA/CR—2003-212365

Number of the input variable in Table 2 that will be varied as
a parameter. For example, use IPAR = 11 to vary RPMJ. See
table at end of program output. (Default = 0)

First value of parameter

Last value of parameter

Increment for parameter. (Do not set this value if NPAR is
specified) (Default = Q)
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NPAR Number of values the parameter will take (negative to use
logarithmic scale). NPAR will be calculated from PAR1, PAR2
and PARINC if NPAR = 0 and PARINC>0. (Default = 0)

For example, the following line of input will cause the program to run 10 cases,
changing the axial eccentricity ratio (EX) from 0.0 to 0.9 in increments of 0.1:

IPAR=17, PAR1=0.0, PAR2=0.9, PARINC=0.1,

while the following line will vary the rotor speed (RPMJ) from 1,000 to 100,000 over
6 intervals in a logarithmic scale:

IPAR=20, PAR1=1.E3, PAR2=1.E5, NPAR=-7,

DIAGNOSTICS CONTROLS:

KDIAG = 0 No diagnostics are written. (Default)
=5 To write all the namelist &INPUTS to output file
=8 To output pressures every iteration
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IRESET= 0

NASA/CR—2003-212365

To use the pressure distribution from the previous case as the
initial guess. (Default)

To reset the pressure distribution guess to zero. Use this
when changing the size of the grid (M, N, ...) from the
previous case or when the pressure distribution from the
previous case is to be discarded.
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4.0 OUTPUT DESCRIPTION

4.1 Text

The first part of the output file consists of the time, date, filename (fname) and an
identical copy of the input file. This part is terminated by a long horizontal line.
The second part of the output consists of the key input variables as interpreted by
the program described in English with their corresponding units. Seal
dimensionless quantities (A, Al., Re’, Reo*, andA ,A,) discussed in section 2.1 are
also listed. This part is also terminated by a long horizontal line. The last part of
the output consists of the results as follows:

The pressure distribution is first given in tabular form, with the meridional
coordinate direction increasing from left to right and the circumferential
coordinate direction increasing from top to bottom.

This is followed by the rotor position (components of eccentricity and
misalignment ratios) as well as the forces and moments acting on the rotor.
The rotor position should match exactly the values specified, unless the
external forces and moments were specified. The forces and moments
generated by the film pressure should match closely the negative of the

externally applied values specified (Fxg, Fyg, etc) when the outer loop iterations
have converged.

This is followed by the maximum fim pressure and minimum film thickness,
identified by the integer coordinates where they occur.

If NPOCK>0, this is followed by the orifice diameter as well as the pressures
and volumetric flows through each pocket, as well as a sum of these flows.
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The dynamic stiffness and damping coefficients, when requested, are printed
as a matrix where the column corresponds to the displacement or rotation and
the row corresponds to the force or moment. The units for any given stiffness
or damping value will be the force unit given at the end of its row divided by the
displacement unit given at the top of its column.

The last part of the results gives the volumetric flows at the boundaries of the
seal model as well as the torque and power loss.

Note that all quantities (forces, flows, dynamic coefficients, etc.) refer to the full

seal length, even if only half is modeled with a symmetric right-hand boundary
(ISYM=1).

Additional second and third parts of the output just described above are repeated
for subsequent cases, also separated by long horizontal lines. Listings of output
files generated by IFACE are given in Appendix A and discussed in Section 5
under sample problems.

4.2 Graphics
The user may examine graphically the film thickness or pressure distributions by

running the three dimensional plotting program PLOT3D, by running the batch file
(PLOT) provided:

PLOT fname

This program is completely interactive and self-explanatory. It will run in either
DOS rev. 4.0 or above or in an OS2 DOS full window. Most of the inputs involve
1-key stroke and are described in the menu that is always written to the screen
when in text mode. The user simply hits the return key to continue viewing plots.
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The space bar toggles between graphics and text screens, while the escape key
ends the program.

Support is provided for VGA monitors and HP LaserJet Series |l printer in 150 DPI
resolution. The printer files (1.PIC, 2.PIC,...) are produced when the user hits “p"

from the graphics screen. They are automatically copied to the printer and erased
by the batch file.
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Table 3

Summary of sample cases

Case Mesh size Variables Variables NPADS run time features
MxN specified calculated (sec)
1 5x11 EX, ALFA 375 variable grid, DELTA(1,1)
2A 5x31 FXG, MXG, EX,ALFA, 3 125 prescribed force & moments,
MYG BETA DELTA(S,1)
3A 7x41 PPOCK DORIF, KB 4 404 4-pocket, calculation of orifice
& coefficients
3B Tx41 DORIF, PPOCK 4 352 4-pocket, prescribed
EX,BETA displacements
3C Tx41 DORIF, FXG, | PPOCK, EX, 4 566 4-pocket, prescribed force &
MXGMYG ALFA,BETA moments, pressures read
13 9x37 K, B 4 1093 preloaded pads, roughness
multiple cases, DELTA(4,1)
17 9x65 ALFA 8 103 8 Rayleigh steps
15A 10x61 PPOCK DORIF, K,B 4 2115 4-pocket with XKE=1
15B 10x61 DORIF, EX, ALFA ,BETA, 4 1368 4-pocket finding angular
MXG, MYG PPOCK position, pressures read

5.0 SAMPLE PROBLEMS

A number of sample problems have been prepared to demonstrate the behavior
and various features of the computer program. They are intended primarily for

illustration and do not necessarily represent recommended seal designs. Table 3
summarizes the mesh size, approximate execution times (on a 33Mz 486 PC) as

well as a list of what variables where specified and solved® for in the outer iteration

loop.

The complete input file is included at the top of the output file for each case.
Listings of output (.out) and screen output (.itr) files for the sample problems are
given in Appendix A. The filenames used in these samples all used the prefix

“iface" (e.g., Sample 1 uses fname = IFACE1, and so on).

K and B indicate calculation of stiffness and damping coefficients.
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56




Sample 1 uses a coarse mesh, variable in both directions, to represent a 50°
sector with a film thickness that is tapered circumferentially by 1 mil. This sample
demonstrates how different input variables control the film thickness distribution.
DELTA(1,1) increases the film from the reference clearance (CREF) to 2 mils.
DELTA(3,1) then decreases the film thickness by 1 mil over the circumferential
extent. The axial eccentricity ratio (EX= -0.1) decreases the clearance distribution
by 10% of CREF. The model is located in the first quadrant, so the resulting
pressure distribution produces a positive moment about the x axis and a negative
one about the y axis. The resulting film thickness distribution is shown in Figure 11
and the pressure is shown in Figure 12.

Sample 2A specifies a geometry that is repeated circumferetially every 120° using
NPADS=3. A zero pressure is specified at the first two grid lines of each pad
(DELTA(5,1)=0 for j=1,2) while the rest of the pad’s film thickness is tapered with
DELTA(1,2). The ouput shows how the program automatically increases N from
11 to 31 and generates the corresponding specifications for >11. The prescribed
external force and moments were obtained from the negative of the results of a
similar case at €,=0.2, a=0.5 and 8 =0. In sample 2A, the program iterates on
the position, starting from zero® guess values, and converges on €,=0.2,
« =0.500002, and a near zero g in 4 outer loop iterations. The resulting film
thickness distribution is shown in Figure 13 and the pressure is shown in
Figure 14.

Samples 3A, 3B and 3C are used to illustrate the steps that would be used in
calculating the performance of a hydrostatically supported, 4-pocket face seal. A
variable mesh is used to describe the geometry of % of the circumference between
0 =0 and 90 degrees from the x-axis (TS,TE). One pocket with a supply pressure
of 1000 psi is centered on the section modeled (NPOCK,M1,N1,M2,N2). Pressures

since EX, ALFA or BETA were not prescribed.
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of 100 and 200 psi are prescribed at the inner and outer radii (PL1, PR1). Periodic
circumferential boundary conditions and 4 pads are specified to generate the
geometry in the remaining three quadrants (IPER=1, NPADS =4).

In sample 3A, sizing of the orifice diameter is performed with pocket pressures at
500 psi and an aligned rotor (PPOCK). Although the ¥ model corresponding to
one pocket would be sufficient for the orifice calculation, the full model was
required in this case in order to calculate the stiffness and damping coefficients
(ISTIFF=2). The output indicates an orifice diameter of 0.069 inches, a total
flowrate of 9 in°/s, and a fluid film axial force of 7,376 Ibf. The direct axial stiffness
is K, = 12.7x10° Ib/in and the direct angular stiffness and damping coefficients are
33.2x10° Ib-in/rad and 29.6x10°% Ib-in/rad.

In sample 3B, the fluid film forces are calculated for prescribed orifice diameters
of 0.068 inches, an axial eccentricity ratio'® of 20% and a misalignment ratio of 50%
about the y-axis (DORIF, EX, BETA). The pocket pressures converge in 4
iterations. The pressure increases in pockets 1 and 4 and decreases in 2 and 3.
The fluid film axial force inreases to 7,932 Ibf, with resulting moments of -287 and -
5,216 in-Ib about the x and y axes, respectively. The resulting film thickness and
pressure distributions are shown in Figure 15 and Figure 16, respectively.

In sample 3C, the external force and moment are prescribed equal to the negative
of the fluid film forces calculated in sample 3B (FXG, MXG, MYG). The initial
guess for pocket and film pressure distributions were read from the values saved
previouly in sample case 3A (IREAPD, READP). Although convergence is also
achieved in 4 outer loop iterations, it takes more time to execute (572 versus 360
seconds) because the program must now simultaneously iterate on three position
variables as well as the four pocket pressures.

10 prescribing EX=0.2 with CREF=0.001 is analogous to prescribing CREF=0.0012 with EX=0.0 .
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Sample 13 illustrates multiple NAMELIST inputs in the same run. The model
consists of 4 preloaded pads, each with a preload ratio of 50% and a
circumferential offset of 10 degrees (DELTA(4,1), OFFSET). The first NAMELIST
input prescribes a roughness of 0.02 mils to both surfaces while the second and
third inputs have smooth housing and rough rotor, and viceversa (ROUGHB,
ROUGHJ). The last NAMELIST restores smooth surfaces for both housing and
rotor. The resulting film thickness is shown in Figure 17 the pressure distribution
is shown in Figure 18. Table 4 illustrates the effects of surface roughness on the
torque and direct stiffness coefficients. It is noted that roughness of the housing
alone can increase the stiffnesses by 43 to 52% with less than 18% increase in
torque, while roughness of the rotor alone decreases the stiffnesses with equivalent
increase in torque.

Table 4 Effect of roughness on torque and direct stiffnesses
roughness (mils) torque K, Ko ='%B
8, . 8
rotor housing . (10%Ib/in) (1071b-in/rad)
(in-b)
0.02 0.02 2,900 245 1,956
0.02 0.00 2,354 158 1,153
0.00 0.02 2,366 263 2,035
0.00 0.00 2,006 184 1,337

Sample 17 illustrates a hydroynamically supported face seal. The sealed pressure
at the inner radius is 1000 psi higher than the outer radius (PL1). Eight Rayleigh
steps are equally sapced along the circumference and are fed from the inner
radius by a deep radial groove. A misalignment ratio of 50% is specified about the
x axis. The resulting film thickness is shown in Figure 19 and the pressure
distribution is shown in Figure 20.
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Sample 15A and 15B are similar to 3A and 3C, respectively, but with a finer mesh,
which takes significantly longer execution times (2116 and 1702 sec). The

resulting film thickness and pressure distributions are shown in Figure 21 and
Figure 22.
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IFACE: 1FACE1 FILM THICHNESS DISTRIBUTION
[FACE1 PLAIN WEDGE WITH VARIABLE GRID
RADIUS: {.0000

SPEED:- 1000.0
LENGTH:= 1.0000
CLEARANCE:= 0.10000E-02
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Figure 11  Film thickness distribution for sample 1.
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Figure 12  Pressure distribution for sample 1.
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FILM THICHNESS DISTRIBUTION

IFACE: TFACE2A
IFACE? THREE WEDGE PADS ¥ PRESCRIBED FORCE/MOM.
RADIUS: 1.0000 SPEED- 1000.0
LENGTH= j. o000
CLEARANCE:= 0.10000E-02
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Figure 13  Film thickness distribution for sample 2A.

IFACE: IFACE2A PRESSURE DISTRIBUTION

IFACE? THREE WEDGE PADS ¥ PRESCRIBED FORCE/MOK.

RADIUS- 4.0000 SPEED= 1000.0
LENGTH= 1.0000

CLEARANCE: 0.10000E-02

Figure 14  Pressure distribution for sample 2A.
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IFACE: |FACEIB FILM THICHNESS DISTRIBUTION
IFACEIB 4-POCKET SEAL: PRESCRIBED DISPLACEMENTS
RADIUS= £.0000 SPEED: 1000.0
LENGTH= 1.0000
CLEARANCE: 0.10000E-02

Figure 15 Film thickness distribution for sample 3B
IFACE: IFACE3B PRESSURE DISTRIBUTION
[FACEIB 4-POCKET SEAL: PRESCRIBED DISPLACEMENTS
RADIUS: 4.0000 SPEED:= 1000.0
LENGTH: 1.0000
CLEARANCE: 0. 10000E-02

ITEHD

Figure 16
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Pressure distribution for sample 3B.
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IFACE: 1FACE1] FILM THICHNESS DISTRIBUTION
[FACE1 4 PRELOADED PADS ¥ITH ROUGH HOUSING

RADIUS= y.0000 SPEED= 30000.
LENGTH= j.0000
CLEARANCE: 0.10000E-02
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Figure 17  Film thickness distribution for sample 13.
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Figure 18 Pressure distribution for sample 13.
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Film thickness distribution for sample 17.

Figure 19
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Pressure distribution for sample 17.

Figure 20
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IFACE: iface15b FILM THICHNESS DISTRIBUTION
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Figure 21  Film thickness distribution for sample 15B.

IFACE: ifacel5b PRESSURE DISTRIBUTION
IFACE15B 4-POCKET FACE SEAL PRESCRIBED EX and MOMENTS
RADIUS= 4.0000 SPEED= 30000.
LENGTH= 3.0000
CLEARANCE= 0.30000E-02
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Figure 22  Pressure distribution for sample 15B.
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6.0 VERIFICATION

During its development for cylindrical seals capability (as the code ICYL
documented in reference 1) IFACE has been compared with the results of
two other MTI computer codes as well as currently published data. The first
comparison was against a generic bearing program with many similar
capabilities (GBEAR) based on the turbulent lubrication theory of Ng and
Pan. A second comparison against a laminar bearing program (GASBEAR)
was used to verify the calculations of moments and angular coefficients.
Finally, comparison were made against calculations published by San
Andrés in Reference [17]. (See Reference 1 for comparisons).

The first of the MTI computer codes is GBEAR which is fully described in
Reference 2. This program is based on the turbulent lubrication theory of
Ng and Pan[14], and does not include surface roughness, housing rotation
or calculation of misalignment coefficients. It includes inertia pressure drop
at exit from pockets but not from the seal ends.

Calculations were made with a 90° seal sector at an eccentricity ratio of 0.5
and with a pocket at its center with a prescribed pressure ratio of 0.5.
Table 5 shows a comparison of pocket flow, orifices size, force, and
stiffness and damping coefficients. As expected, comparisons of GBEAR
against ICYL with the same friction model (IFRIC=0) yielded nearly identical
results. With the new friction model that includes surface roughness effects,
ICYL calculates lower torque(-32%), lower pocket flow (-13%) and orifice
size (-7%), and force components(-6%). Very good agreement in the
stiffness coefficients (-4%), and slightly higher damping coefficients(+ 13%)
are obtained.
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Table 5 Comparison against GBEAR.

GBEAR ICYL ICYL ICYL

IFRIC=0 IFRIC=3 IFRIC=4
Recess flow (in’/s) 25.75 25.21 | 20.931 22.316
orifice diam. (in) 0.0833 0.0820 | 0.0752 0.0776
Torque (lb-in) 14.38 14.32 8.791 9.771
Power (Lb-in/s) 45,171 44,971 | 27,617 30,696
Fx (Lb) 3,694 3,358 3,352 3,477
Fy (Lb) -3,488 -3,122 | -3,083 -3,346
Kxx (10° Lb/in) 2.352 2.267 2.329 2.344
Kxy (10° Lb/in) -1.461 -1.378 | -1.280 -1.397
Kyx (10° Lb/in) -1.998 -1.874 | -1.871 -1.961
Kyy (10° Lb/in) 1.573 1.481 1.406 1.564
Bxx (Lb/in) 232.08 234.79 | 269.01 274.46
Bxy (Lb/in) -175.53 | -175.87 | -194.38 -199.65
Byx (Lb/in) -174.78 | -174.10 | -192.40 -200.56
| Byy (Lb/in) 173.87 173.79 | 187.57 196.53

Other comparisons against GBEAR in the laminar regime and without

pockets yielded identical results.

A second MTI computer code with the fluid compressibility turned off
(GASBEAR) was used to verify the calculation of the 24 stiffness and

damping coefficients which involve rotor misalignment.

GASBEAR was

written for use in conjunction with plain journal bearings and cylindrical seals

and does not treat turbulence or pressurized pockets. The comparison, in
the laminar regime and with the same finite difference mesh, yielded

identical coefficients.

More details on these comparisons are found in reference 1.
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7.0 OPERATING ENVIRONMENT

7.1 Compilation and memory requirements

The computer code IFACE was written using the WATCOM FORTRAN
compiler under ver. 2.0 of IBM’s OS/2 operating system. The source
program is compiled and linked with the following two commands:

WFC386 /4 /FPI87 /MF /OX /ERRORFILE *.FOR
WLINK.EXE SYS 0S2V2 PMCOMPATIBLE NAME ICYL1.EXE *.OBJ

7.2 Error messages

Following are descriptions of the error messages produced by the program.
If the error number is positive, the program execution stops with a
FORTRAN message of: "Return code 1" to the user’s screen. If the error
number is negative, the program execution continues with the next case in
the input file. The fields underlined in the descriptions below are variable
and depend on the program inputs. The output messages are written to
the output file, except when an input file is not found (error number 11), in
which case the message is written to the user screen.

The following error messages, without assigned numbers, occur during |/O
to the saved pressure distribution files (ISAVEP >0 or IREADP >0):

Error Description
number
1 FORTRAN error number: 6511 reading namelist

namelist variable name not found.

The user should carefully check the names of each variable
specified in the namelist, and if the problem reoccurs, place
arrays after variables
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Variable out of range

the following variable:X0XXOXXX

has a value outside of program limits
Consult program documentation.

NEGATIVE FILM THICKNESS REQUESTED
BY THE FOLLOWING VALUES OF EX, EY, ALFA, BETA:

SUGGESTED USER ACTION:

o REDUCE THE SPECIFIED APPLIED FORCES/MOMENTS
o REDUCE THE SPECIFIED
ECCENTRICITY/MISALIGNMENT

This warns the user that the prescribed displacements
and/or misalignments exceed allowable limits and should be
reduced. If this message occurs during iterations for rotor
position, the new guess is outside of the domain limited by
that of solid contact with he housing, and either the applied
forces/moments should be reduced or increased more
slowly from previous cases.

*** WARNING ***

*** TERATION LIMIT:NIT(2)=_____

reached in iteration for pressure distribution

Occurs when the Newton-Raphson iteration procedure for
finding the pressure distribution does not converge to within
a relative error of ECR(2) in NIT(2) iterations.
RECOMMENDED USER ACTION: Increase NIT(2), ECR(2),
or try using the more refined velocity component
calculations with IFRIC=4. If this fails, try using a finer grid.

*** WARNING *** NIT(3)=
Maximum variable Y error =

Maximum equation error =

Maximum number of outer iteration loop reached. Occurs
when the Newton-Raphson iteration procedure for finding
the rotor position and pocket pressures does not converge
to within a relative error of ECR(3) in NIT(3) iterations.
RECOMMENDED USER ACTION: Increase NIT(3), ECR(3),
or try a different guess for position and/or pocket pressures.

Consecutive diverging iterations
RECOMMENDED USER ACTION: Increase MAXDIT.

If preceded by: MAXIMUM ERROR=

it is in the outer iterations for position and pocket pressures,
and the user should try changing rotor displacements or
applied forces more gradually.

If preceded by: dpmax=
it is in the iterations for pressure and the user should try to
refine the mesh.
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Moments cannot be specified with ISYM=1

u,v iteration limit reached NIT(1)

NUMBER OF ITERATIONS: NIT(1)=____

ERROR CRITERIA: ECR(1) =

Try: increasing NIT(1) or increasing ECR(1), or using the
more refined velocity component calculations with IFRIC=4.

*** ALLOCATION ERROR: REQUESTED MEMORY =

DDDDDDD

EXCEEDS: DDDDD
Decrease M or N, or use version of program with larger
MAXMEM

11

Input file not found: XOOXXX.inp
or

Input file not specified

Return code 1

14

Internal error in program

Zero flow in pocket i1= 1

This error should not normally occur.

If it does, check to see if inputs are correct.

16

DETERMINANT=0 at J=

This error would occur in the highly unlikely event that a
singular matrix was encountered during the column method
solution for the pressures.

Error writing to file: X0OXXX
The user should check that sufficient disk space is available.

Error or EOF reading from file:XXXXX

Mismatch in mesh size

M, N, NPOCK=
Previously saved file; has:
MFILE, NFILE, NPOCKF=

The user should check that the mesh size, number of
pockets and their location match with the case that
generated the saved file.
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APPENDIX A
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